By embedding a thin layer of tantalum in an x-ray cavity, we observe a change in the spectral characteristics of an inner-shell transition of the metal. The interaction between the cavity mode vacuum and the L III -edge transition is enhanced, permitting the observation of the collective Lamb shift, superradiance, and a Fano-like cavity-resonance interference effect. This experiment demonstrates the feasibility of cavity quantum electrodynamics with electronic resonances in the x-ray range with applications to manipulating and probing the electronic structure of condensed matter with high-resolution x-ray spectroscopy in an x-ray cavity setting.
Manipulating the spectral characteristics of matter by embedding it in tailored environments such as cavities or photonic crystals is a crucial tool for modern quantum optics. Beginning with gaseous atomic ensembles and single atoms [1] [2] [3] [4] , this field, known as cavity quantum electrodynamics (CQED) [5, 6] , has proven to be an indispensable tool, yielding both practical applications and fundamental insights about matter and its interaction with light. Developments arising from it, such as nonclassical states of light, are important in refining modern experimental capabilities, for instance, in gravitational wave detection and imaging of biological structures [7, 8] . CQED-related effects and applications have been demonstrated across a wide range of different energies and resonant systems, from microwaves to visible light. In higher photon energy regimes, however, progress has been slow. X rays in particular are a preeminent experimental tool for physics and materials science, probing the properties of solids and molecules and delivering information on spatial and electronic structure, dispersion relations of quasiparticles, and chemical properties. Many of these techniques stand to gain from a greater experimental control over the properties of the incoming light, be it the spectral composition, noise or temporal structure afforded by cavity quantum electrodynamics. CQED in the x-ray range could also be used to probe and manipulate many-body interactions within the resonant matter in a more direct way, by placing it into the cavity, which is tuned to certain electronic transitions of the specimen, as suggested for visible light [9] [10] [11] [12] [13] . Extending CQED into the x-ray range is therefore highly desirable. Recent years have seen some success in this area, leading to phenomena such as the collective Lamb shift [14] , electromagnetically induced transparency [15] , spontaneously generated coherences [16] , strong coupling [17, 18] , Fano resonances [19] , and slow light [20] being observed. However, all these experiments made use of 57 Fe, an iron isotope with a nuclear resonance at 14.4 keV. While the interaction with nuclear resonances in a cavity QED setting enables fundamental studies and precision metrology of the light-matter interaction, it precludes coupling to electronic degrees of freedom for an active control of the corresponding transitions. In this Letter, we successfully demonstrate that x-ray cavity QED is a viable technique even when using atomic shell resonances in the x-ray range. This drastically enlarges the number of possible applications, permitting the examination of a wide range of different elements and materials. It also extends the spectrum of x-ray wavelengths which may be manipulated with cavity QED techniques, and may enable combining the nascent fields of x-ray CQED and x-ray nonlinear optics [21] .
As a model system, we use the electric dipole transition of the L III edge of tantalum, which has an energy of 9881 eV and a linewidth of approximately 5 eV [22] .I ti s often referred to as one of the so-called "white lines" of x-ray absorption spectroscopy, and is the result of a transition from the 2p shells to the 5d bands which have a high density of states at the Fermi level [23] . The very large bandwidth has drawbacks as well as advantages. On the one hand, many possible interesting experiments involving temporal control and manipulation, such as the creation of x-ray frequency combs [24] and spectral profile manipulation [25] , cannot be performed with these electronic x-ray transitions, since they require temporal control not available at the corresponding short timescales. On the other hand, the large bandwidth means that the brilliance of current x-ray sources may permit multiphoton and nonlinear experiments in the near future. It is also easily generalizable to a number of inner-shell electronic transitions in many elements, extending the number of x-ray resonances available to x-ray CQED beyond the nuclear resonances presently dominant.
The experiment was performed at the P09 beam line of the PETRA III synchrotron radiation source at DESY, Hamburg, which has a monochromator with a relative bandwidth of ðΔEÞ=E ¼ 1.3 × 10 −5 using Si(111) crystals. A sketch of the experimental setup is shown in Fig. 1 .A thin-film cavity consisting of the layer system 15.4 nm Pt/12.3 nm C/2.5 nm Ta/11 nm C/2 nm Pt sputter deposited on a silicon substrate is placed on a goniometer head on a six-circle diffractometer. We used two detectors: an avalanche photodiode (APD) measuring the angle-resolved reflectivity of the sample and a Vortex energy dispersive detector probing part of the fluorescence emitted by the tantalum into 4π. The fluorescence detector has an energy resolution of about 130 eV. In order to only measure the tantalum fluorescence, we scanned the monochromator energy across the Ta L III absorption edge in order to identify the Vortex detector channels corresponding to the Ta emission line; in the range where the number of detected photons grew rapidly at resonance we defined a region of interest (ROI) and in the following summed up all photons in that ROI to exclude photons not stemming from the Ta fluorescence. We introduced a 700-μm aluminium foil into the beam downstream of the cavity in order not to overload the APD, as well as a stack of 20 compound refractive lenses to focus the beam, as the grazing incidence geometry otherwise would result in a large portion of the beam overpassing the sample. A basic sketch of the setup is shown in Fig. 1(a) . First, we performed a simple offresonance Θ − 2Θ scan in order to localize the dips in the reflectivity curve which mark the excitation of cavity modes, shown in Fig. 1(b) . For a given angle of incidence, the monochromator was scanned between 9800 and 10 000 eV, a range which encompasses the 9881-eV resonance energy of the L III transition. We repeated this for a wide range of angles around the first cavity mode, located at ≈0.242°. As described above, for each monochromator position and angular setting of the cavity, we recorded all photons detected by the APD, and those in the ROI for the fluorescence detector. The results are shown in Figs. 2 and 3, along with simulations largely confirming the results. The multilayer cavity containing a thin tantalum layer is placed on a goniometer and illuminated at grazing incidence angles by x rays from a synchrotron tuned to the Ta L III edge energy of 9881 eV. An avalanche photodiode (APD) is positioned to collect the reflected radiation. Another detector is placed to the side of the cavity to measure a part of the light emitted into 4π, which is largely fluorescence radiation. (b) The reflectivity curve of the sample, detuned by 70 eV from the edge in order to omit resonant effects. The dips indicate standing wave modes, with the first order mode being the first sharp dip on the left.
FIG. 2. Spectroscopic signals of the cavity.
The intensity is encoded in the color map. The x axis shows the cavity detuning expressed in terms of both angle (bottom axis) and energy (top axis), and the y axis shows the detuning of the monochromator from the transition energy in eV. (a) Reflectivity of the sample. There is an anticrossinglike behavior which is not entirely resolved; rather, the two branches of the dispersion relation interfere, giving Fano-like effects. (b) The fluorescence signal. As the cavity is tuned through the transition line, the latter undergoes some changes; it is slightly shifted by up to 2.5 eV and its spectral width is enhanced to up to 10 eV. These effects are the collective Lamb shift and the superradiant decay enhancement, respectively. The large signal at positive monochromator detunings is the fluorescence of the steplike electronic continuum. Panels (c) and (d) show simulations of (a) and (b), respectively, without taking the effects of the electronic continuum into account.
The spectroscopic properties of the reflected radiation and the fluorescence show fundamentally different properties. This can be qualitatively explained in a straightforward manner. The radiation can arrive at the detector by two different quantum paths: either it is pumped into the cavity and leaves the latter without further interaction with the tantalum layer, or it is pumped into the cavity, is then forward scattered or reflected by the tantalum layer, and then leaves the cavity again. Since the cavity mode has a relatively broad energetic bandwidth compared to the tantalum L III edge, this means that the scattered light takes two different phase factors: one is principally dependent on cavity detuning, determined by the angle of incidence, the other depends on the energy detuning of the monochromator from the tantalum resonance, and changes rapidly around the latter. This creates the possibility of an interference which is very similar to the well-known Fano resonance in which an electron may be excited to a discrete upper level directly or via a continuum of autoionizing states [26] . The continuum evidently has a broad linewidth and the discrete level a narrow one, which is a qualitatively similar situation to ours. Consequently, the spectral properties are the same, with the exception that we can "tune" our continuum by changing the cavity detuning, leading to an anticrossing effect. The coupling of the tantalum transition to the cavity mode leads to the formation of split normal modes, or "dressed states" in a different nomenclature. The splitting cannot be completely resolved, leading to mutual interference of the two normal modes, which is another way of explaining the Fano-like nature of the effect, as seen Figs. 2(a) and 2(c) .
The fluorescence spectrum shows an entirely different behavior. Instead of the deep dips resulting from the cavity modes absorbing light, we here see only a narrow peak. This is quite expected: almost only light absorbed by the tantalum is scattered into 4π, and therefore a signal is only observed when the incoming radiation has more or less the precise energy of the tantalum L III transition. A qualitatively new phenomenon, however, is the dispersion of this peak. It is clearly visible that while it is exactly at 9881 eV at the cavity mode center, it veers off this value when the cavity is slightly detuned, only to return to it at larger detuning. The shifts are as large as 2.5 eV at particular points, as shown in Fig. 3 . Furthermore, when the cavity is not detuned at all, the linewidth is slightly broadened. These phenomena are well known as the collective Lamb shift and single-photon superradiantly enhanced decay, respectively [14, 27] . The superradiance is a phenomenon resulting from the collective excitation of the sample; an ensemble of emitters that is excited in phase will emit its photons much faster [28] . The collective Lamb shift is a phenomenon that has been the focus of intense theoretical [27, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] and experimental [14, [40] [41] [42] [43] attention. It stems from a dipole-dipole interaction induced by the electromagnetic vacuum, which in our scenario is enhanced by the x-ray cavity, enabling the observation of this weak effect. The cavity vacuum induces virtual photon transitions from one atom to the next. These lead to a slight shift of the collective excitation state-the collective Lamb shift.
The simulations do not take into account the presence of the Heaviside-like absorption step due to the electronic continuum which begins right after the onset of the white line. This explains the grave discrepancies at positive energy detunings which are clearly visible in both spectra on Fig. 3 or Figs. 2(b) and 2(c) .
The dispersion of the dips in Fig. 2(a) and of the fluorescence line in Fig. 2(b) , as well as their widths, are well described by the model given in Ref. [27] . While the latter is formally devised to describe the interaction of x rays with nuclear excited states, it serves just as well to describe that with the electronic shell excited states. It has been used extensively [18, 19] , and therefore only the principal results are recalled here. The reflectivity is given by
where κ is the decay constant of the cavity and γ that of the resonant atoms, g is the coupling of an individual atom to the cavity mode, κ R characterizes the lossiness of the cavity coupling layer. Spectroscopically, it determines the contrast of the cavity mode in reflection, i.e., the depth of the reflectivity dip. Δ c is the detuning of the incoming beam from the cavity and Ω the strength of the coupling of the beam to the cavity, N is the number of atoms interacting with the x rays, and ξ s and δ LS are the angle-dependent superradiant enhancement and collective Lamb shift, respectively. This formula was derived by calculating the density matrix in the steady-state limit, having adiabatically eliminated the cavity mode. An underlying assumption is that only one resonant photon at a time enters the systemin other words, it is weakly driven by the incoming beam, which is reasonable, since the latter contains only some dozen number of photons per pulse spread over the full length of the cavity. The equation includes, however, the spectroscopic signal of the cavity, which interferes with the signal of the tantalum layers. Since the linewidth κ is much larger than γ (a crucial condition for the adiabatic elimination), the interference resembles the so-called Fano resonances, where a system can take two different quantum paths through a spectrally broad and a spectrally narrow state [19] . More specifically, the photon can arrive at the detector either by being absorbed by the cavity and being reemitted or by being absorbed first by the mode, then by the ensemble of resonant atoms, and then sent on its way. Omitting the cavity contributions leading to the interference in the derivation of the above formula, we get the emission signal of the resonant atoms alone (still containing cavity-induced superradiance and shifts),
which we immediately see corresponds to the third term of the reflectivity in Eq. (1), i.e., the part of that term which does not stem from the cavity mode. In that sense, it is interesting to note that this purely resonant reaction still depends on the detuning of the cavity from the incoming beam, via ξ s and δ LS , corresponding to what we observe. These equations are used to fit the data, with the fit results shown in Fig. 2 as well. The results for the parameters are
. The values for the collective Lamb shift and the superradiant decay enhancement calculated from the parameters are shown in Fig. 4 . The maximal collective Lamb shift is approximately 2.5 eV, the superradiant enhancement a factor of 2, leading to a total linewidth of 10 eV.
In conclusion, we have shown that x-ray cavity quantum electrodynamics can be extended to atomic-excitonic transitions, namely the L III transition of tantalum. Spectroscopic effects observed here include the collective Lamb shift and the observation of Fano line shapes due to interference between scattering from the cavity and the atom. We point out that the tantalum layer behave similarly to an ensemble of atoms, although the upper levels form bands. We expect that this experiment will lead to further xray quantum optics work with electronic resonances, such as strong coupling between a cavity mode and an ensemble of resonant atoms. Indeed, white lines such as the tantalum L III resonance have a number of advantages over the nuclear resonance of 57 Fe. For instance, the spectral width of the electronic resonances is larger than that of the nuclear ones by more than 10 orders of magnitude. Hence, given the brilliance of even third generation synchrotrons and state-of-the-art X-ray free electron laser, multiphoton experiments become much easier, as the illuminating beam contains many more photons within the bandwidth of electronic resonances. This should provide new possibilities for resonance-enhanced nonlinear optics in the x-ray domain. We also point out that these results have relevance for high-precision spectroscopy in the x-ray range. The cavity mode is in principle no different from standing waves appearing in Bragg scattering or on surfaces [44] , both of which could likewise influence spectroscopic signatures. In experiments in which x-ray standing waves and spectroscopy are combined [45] , quantum optically induced shifts may appear and distort the results. Collective Lamb shift processes might be relevant for novel techniques involving x-ray stimulated emission [46] . Finally, the recent availability of attosecond pulses in the hard x-ray range [47] hints at future possibilities of probing hard x-ray quantum optical effects in the temporal domain as well. FIG. 4 . The functional dependence of the superradiant decay enhancement and the collective Lamb shift of the L III -transition level. The latter changes its sign depending on the detuning, and is zero at the point of zero detuning of the cavity; the former has its maximum at that point. The influence of the cavity allows the effective "tuning" of the transition properties. The horizontal dashed line represents the position at which the effect is zero, the vertical dashed line the angular position of the cavity resonance.
